Introduction

20
Planar parallel manipulators perform two translations along 21 the x-and y-axes, and rotate through an angle around the z- actuation. The performances including inverse kinematics, 32 forward kinematics, Jacobian matrix, workspace, singularity, 33 and dexterity of planar parallel manipulators have been ana-34 lyzed. [1] [2] [3] [4] Stiffness modeling of a robotic manipulator is also 35 one of the important issues that allows a user to evaluate its 36 compatibility for certain tasks. 5 Based on biological studies 37 of the muscular properties and the skeletal structures of fish, 38 Cui and Jiang presented a robotic fish consisting of planar 39 serial-parallel mechanisms, i.e., the RAPRPMs connecting to 40 each other in series. It included rigid bodies, springs, dampers, 41 and revolution joints. Their results showed that the swimming RAPRPMs. 6 As one of a series, the working principle of a sin- 115 gle RAPRPM is shown in Fig. 2 The torsional stiffness K of the RAPRPM is defined as
where Q is the torque of the top platform. As shown in Fig. 2 
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The passive stiffness is The total torsional stiffness K is expressed as In coordinate
! .
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The vector of the elastic leg
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where The vector l 1 of the elastic leg A 1 B 1 can be derived from Eq.
218
(11) as below 31 :
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The vector between the rotating center O and the point of 223 action A 2 of the internal force f 2 is shown as follows:
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Similarly, the vector l 2 of the elastic leg A 2 B 2 is expressed as 229 follows: The active stiffness resulting from the elastic leg A 1 B 1 can 246 be found by substituting Eqs. (10) and (12) into Eq. (6) as: Variable stiffness design of redundantly actuated planar rotational parallel mechanisms 3
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The passive stiffness at the initial position is derived from 324 Eq. (23) as follows:
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Similarly, the passive stiffness resulting from the elastic leg
329
A 2 B 2 is derived as follows by substituting Eqs. (13) and (14) 330 into Eq. (8): The total stiffness K at the initial position is the sum of the 347 total active stiffness K a and the total passive stiffness K p , which 348 can be derived from Eqs. (5), (19) , and Eq. (26) as: in a large range. [7] [8] [9] In the stiffness optimization of the Maximizing hK a =K p i Subject to 
